Summary: Cerebral superoxide anion generation during bicuculline-induced seizures was measured in newborn pigs. Using two closed cranial windows inserted over the parietal cortices, superoxide dismutase (SOD)-inhibitable nitroblue tetrazolium (NBT) reduction was determined during 20 min of seizure activity induced by bicuculline, 5 mg/kg i.v. A modest increase in SOD-inhibitable NBT reduction was observed in piglets subjected to bicucul line-induced seizure activity (2.4 ± 0.6 pmol/mm 2 in 20 min) when compared to control piglets (0.4 ± 0.3 pmoll A number of conditions, including reperfusion following global ischemia, acute arterial hyperten sion, percussive brain injury, and extravascular blood, produce functional, morphological, and bio chemical abnormalities in cerebral tissues and/or blood vessels that may be due to the generation of oxygen free radicals (Armstead et aI. , 1988; Halli well and Gutteridge, 1985; Kontos et aI., 1981; Kukreja et aI., 1986; Mirro et aI., unpublished; Wei et aI., 1980). These oxygen radicals appear to orig inate in part from arachidonic acid metabolism (Kuehl et aI., 1977; Kuehl and Egan, 1980; Kukreja et aI., 1986; Wolfe, 1982) . Seizures increase synthe sis of cyclooxygenase and lipoxygenase products in the brain (Bazan et aI., 1986; Busija and Leffler, 1989) and markedly increase oxidative metabolism (Bu-sija and Leffler, 1989; Cowan et aI., 1987; Mel drum and Nilsson, 1976), both of which could gen erate free radicals. However, whether production of activated oxygen species is increased during sei- 175 mm 2 in 20 min). Pretreatment with indomethacin (5 mg/kg i. v.) reduced SOD-inhibitable NBT reduction during sei zures to the control level (0.5 ± 0.4 pmol/mm2 in 20 min). We conclude that small quantities of superoxide anion radical are produced by newborn pig brain during bicu culline-induced seizures and that cyclooxygenase metab olism of arachidonic acid appears to be a major source. Key Words: Cerebral circulation-Newborn-Super oxide-Seizure-Bicuculline.
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zures is unknown. Therefore, these experiments were designed to test the hypothesis that seizures increase superoxide anion generation in the brain of newborn pigs. Further, the contribution of cycloox ygenase metabolism of arachidonic acid to seizure induced superoxide anion production was exam ined.
METHODS
Twenty-three piglets (1-6 days old, 0.9--2.1 kg) of either sex were anesthetized with ketamine hydrochloride (33 mg/kg, i.m.) and acepromazine (3.3 mg/kg i.m.). Anesthe sia was maintained with a-chloralose (30--50 mg/kg ini tially, supplemented with 5 mg/kg/h, i.v.). Each piglet was equipped with a femoral artery catheter to record blood pressure and to sample for blood gases and pH. Another catheter was placed in a femoral vein for injec tion of drugs. The trachea was cannulated, and the piglet was ventilated with room air. Body temperature was maintained at 37-38°C with a water-circulating heating pad.
The closed cranial window technique was described by Cushing (1902) and Forbes (1928) and was subsequently developed by Levasseur et al. (1975) . For insertion of the cranial windows, the scalp was removed, and openings were made in the skull over the right and left parietal cortices. The dura was cut and retracted over the cut bone edges. Stainless steel and glass cranial windows with needle ports were placed in each hole and secured with dental acrylic. The spaces under the windows were filled with artificial cerebrospinal fluid (CSF) of the fol lowing composition: 220 mg KC1, 132 mg MgCI 2 , 221 mg CaCI 2 , 7710 mg NaCl, 402 mg urea, 665 mg dextrose, and 2066 mg NaHC03 per liter; pH = 7.33, Pe0 2 = 46 mm Hg, and P0 2 = 43 mm Hg.
Superoxide dismutase (SOD)-inhibitable nitroblue tet razolium (NBT) reduction (Baehner and Nathan, 1966, 1968; Kontos et al., 1985) NBT is water-soluble and forms a yellow solution which is converted to nitroblue formazan, an insoluble purple precipitate, in the presence of reducing agents. The SOD-inhibitable NBT reduction was determined by the difference in quantities of nitroblue formazan precip itated on the brain surface under the two windows. Al though NBT can be reduced by a variety of reagents, SOD provides specificity for the assay.
To determine the amount of the precipitated nitroblue formazan, I-mm thick slices of the brain surface under each cranial window were removed. The slices were minced and homogenized in 1 N NaOH and 0.1 % sodium dodecyl sulfate, the mixture centrifuged at 20,000 x g for 20 min, the resulting supernatant discarded, and the pellet resuspended in 3 ml pyridine. The nitroblue formazan was dissolved in the pyridine during heating at 80°C for I h. Particulate matter was removed by a second centrifu- o CONTROL gation at 10,000 x g for 10 min. The concentration of nitroblue formazan in the resulting solution was deter mined spectrophotometric ally at 515 nm. The nitroblue formazan on the NBT-alone side was read against the background of the SOD-treated side. Calibration solu tions were prepared freshly with each set of samples and treated identically to the samples.
Statistical analysis
Data were analyzed using analysis of variance. If the F value was significant, a (-test with Bonferroni correction was performed. An a level of p < 0.05 was considered significant in all statistical tests. Values are represented as means ± SEM.
RESULTS
SOD-inhibitable NBT reduction was increased in piglets subjected to bicuculline-induced (5 mg/kg i. v. ) seizures for 20 min as compared to control pig lets (Fig. 1 ). Piglets pretreated with indomethacin, 5 mg/kg i. v., prior to bicuculline administration, had less SOD-inhibitable NBT reduction than piglets that did not receive indomethacin (Fig. 1) . There was no difference in the amount of NBT produced by control piglets and indomethacin-pretreated pig lets subsequent to bicuculline administration.
Baseline blood gas and systemic arterial pressure values were comparable in all three groups (Table  1) . Bicuculline, 5 mg/kg i. v. , increased mean arte rial pressure to 107 ± 6 mm Hg (peak response) when administered alone and increased mean arte rial pressure to 110 ± 9 mm Hg (peak response) when administered in indomethacin-pretreated ani- mals. The peak systolic pressure in the former se ries was 139 ± 10 mm Hg, while the peak systolic pressure in the latter series was 144 ± 11 mm Hg. The hypertensive response peaked within 1 min af ter the administration of bicuculline. Systemic arte rial pressure began to decline in 5-10 min but was still elevated as compared to control 20 min after bicuculline administration (Table 1) . Bicuculline also produced a decrease in P0 2 and an increase in Pco 2 (Table 1) .
DISCUSSION
Bicuculline-induced seizure activity increases SOD-inhibitable reduction of NBT above that of control newborn pig brains, indicating that a modest quantity of superoxide anion radical is generated. Since indomethacin pretreatment prevents the in crease in SOD-inhibitable reduction of NBT asso ciated with bicuculline-induced seizures, cyclooxy genase metabolism of arachidonic acid appears to be a major source of this activated oxygen.
Previously, we have shown that superoxide anion radical is produced by newborn pig brain during postischemic reperfusion and when extravascular blood is placed on the brain surface (Armstead et aI., 1988; Mirro et aI., unpublished) . The amount of SOD-inhibitable NBT reduction (15.3 ± 6 pmol/ mm 2 in 20 min for extravascular blood and 8.7 ± 1.5 pmol/mm 2 in 20 min for ischemia!reperfusion) was much greater during the latter two conditions as compared to the quantity of NBT reduced during bicuculline-induced seizure activity. Therefore, substantially less superoxide anion is generated during bicuculline-induced seizures as compared to cerebral ischemia followed by reperfusion or topical application of homologous blood. While the quan tity of superoxide anion produced with ischemia! reperfusion and blood would be expected to pro duce tissue damage, it is uncertain that the very small amount produced during seizures would re sult in damage unless there are local areas where large quantities are produced. However, with re peated or prolonged seizures, as often occur in brain-damaged neonates, more extensive produc tion of superoxide anion may occur.
Acute hypertension, ischemia followed by reper fusion, and fluid-percussion brain injury cause mor phological, biochemical, and functional cerebrovas cular abnormalities, which include sustained dila tion and reduced responsiveness to vasoconstrictor and vasodilator influences (Armstead et aI., 1988; Kontos et aI., 1981; Wei et aI., 1980) . Superoxide anion and species derived from it, such as hydroxyl radical, appear to mediate these abnormalities (Kontos et aI., 1981; Siesjo, 1981; Wei et aI., 1980) . The hydroxyl radical, for instance, is highly reac tive and precipitates the process of lipid peroxida tion, resulting in loss of membrane integrity (Halli well and Gutteridge, 1985) . Since seizures produce a substantial increase in systemic arterial pressure, it is possible that the small increase in the reduction of NBT results from hypertension. The inhibition of superoxide anion production by indomethacin pre treatment suggests that cyclooxygenase metabolism is involved in the generation of superoxide anion. Elevation of CSF prostanoid synthesis during hy pertension has not been described, but such an el evation has been described during seizures (Bazan et aI., 1986; Busija and Leffler, 1989) .
Detection of superoxide anion by NBT reduction is based on the assumption that NBT readily ac cepts electrons from various reductants, including superoxide anion, and that SOD inhibits the super oxide anion-mediated NBT reduction Nathan, 1966, 1968; Kontos et aI., 1985) . Cerebral free fatty acid concentrations (including arachi donic acid) increase following seizures (Chapman et aI., 1980; Siesjo et aI., 1982) , and there is specula tion that a causal relationship between free fatty acid accumulation and cell damage may exist (Siesj6, 1981) . The lack of NBT reduction in indo methacin-treated piglets is consistent with the hy pothesis that cyclooxygenase metabolism of arachi donic acid generates activated oxygen species during bicuculline-induced seizure activity. Alter natively, indomethacin may act as a free radical scavenger. However, Kukreja et ai. (1986) found that indomethacin had no effect on superoxide an ion generation from lipoxygenase, while it inhibited superoxide generation from cyclooxygenase. If in domethacin possessed free radical scavenging ca pacity, superoxide anion generation should be re duced regardless of the source.
Previously, we have shown that the prostanoid system is an important component of cerebrovas cular control in the newborn pig. During conditions such as asphyxia and hemorrhagic hypotension, there is an associated increase in CSF prostanoid levels (Leffler and Busija, 1987a,b) . Free radicals, including superoxide anion, are generated during cyclooxygenase and lipoxygenase metabolism of arachidonic acid (Kuehl et aI. , 1977; Kuehl and Egan, 1980; Kukreja et aI., 1986; Wolfe, 1982) . The increase in cerebral prostanoid synthesis is modest during seizures (Busija and Leffler, 1989) . There fore, it is not surprising that superoxide anion gen eration is also small during seizures. Although su peroxide anion is not generated in large quantities in the cerebral cortex, other free radicals could be generated in more substantial quantities in other ar eas of the brain.
Seizures can occur in the perinatal period and lead to the development of neurological problems (Painter et aI., 1986) . Seizures have been shown to lead to the development of a number of changes (Meldrum and Brierley, 1973) . For example, sei zures result in an increase in pial arteriolar diame ter, cerebral blood flow, systemic blood pressure, and plasma P aco2 in newborn pigs (Busija and Lef fler, 1989) . Seizures also can result in an increase in cerebral metabolic rate and the release of neuro transmitters (Busija and Leffler, 1989; Cowan et aI., 1987; Meldrum and Nilsson, 1976) . We have shown that several neural stimuli, such as norepi nephrine and acetylcholine, could increase pros tanoid synthesis (Busija and Leffler, 1987; Busija et aI., 1988) .
In conclusion, the present data demonstrate that seizures cause production of a modest amount of superoxide anion radical that appears to originate with cyclooxygenase-catalyzed metabolism of arachidonic acid. The source (vessels versus neu rons-glia) of superoxide anion is presently un known, but the superoxide anion generation mea-J Cereb Blood Flow Metab, Vol. 9, No.2, 1989 sured in the present study may reflect quantities generated from both sources. However, it is uncer tain if the very small quantities of superoxide anion produced would cause significant tissue injury.
